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We have developed a two-dimensional method for calculating principal stresses on a plane by measuring strain
changes obtained by the stress relief technique using a multi-component borehole instrument. If the ratio of
the radius of the core to that of the borehole is 1.4–2.0, a uniform strain change occurs in any stress ﬁeld due
to the overcoring. It is therefore desirable that the radius of the core obtained by overcoring is larger than
that of the borehole by a few orders of magnitude. We applied the proposed calculation method to a stress
measurement performed at the Hishikari mine, southwest Japan. The maximum and minimum principal stresses
were determined to be 5.0 and −0.2 MPa, respectively. The nearly vertical stress was estimated to be 1.5 MPa,
which was merely 30% of the predicted vertical stress (5.6 MPa). One of causes of the small vertical stress
obtained in this study is considered to be the limitation of the two-dimensional method for calculating principal
stresses.
Key words: Stress relief technique, Principal stresses, multi-component borehole instrument, Two-dimensional
method.
1. Introduction
The measurement of crustal stress is important for any in-
vestigation on earthquake-generating processes and the sta-
bility of underground facilities. The stress and strain in the
vicinity of seismic faults and subduction zones increases
during the interseismic stage (see Ruegg et al., 2002). Fault
slips and ruptures occur when the shear stress exceeds fric-
tion along a fault. The amount of stress that occurs during
an earthquake is one of the most important parameters to
be considered when modeling an earthquake cycle. Under-
ground facilities with a free surface, such as tunnels, result
in the concentration of stress. It is therefore necessary to
investigate the preliminarily stress ﬁeld around these facili-
ties in order to determine an effective construction process
and available materials.
The primary methods for conducting in situ stress mea-
surements are the hydraulic fracturing and stress relief tech-
niques (e.g. Turcotte and Schubert, 1982). In general, the
hydraulic fracturing technique can determine the principal
stresses on a plane perpendicular to a borehole, while the
stress relief technique can determine the three-dimensional
state of stress. In the former, water is injected into a bore-
hole, and the water pressure at which fractures are induced
in the borehole is measured. This technique has been used
for stress measurements at many sites, such as the Cajon
Pass scientiﬁc research borehole (Zoback and Healy, 1992)
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and the KTB scientiﬁc drill holes (Brudy et al., 1997). In
the stress relief technique, a core is obtained by overcoring
at a borehole. The deformation of the core is measured us-
ing strain gauges or strainmeters (e.g. Paquin et al., 1982;
Yokoyama, 2004): a strain gauge is attached to a hemispher-
ical or conical base of a borehole (e.g. Sugawara and Obara,
1986; Kobayashi et al., 1987), while a strainmeter is in-
stalled in a borehole and attached to the surrounding crust
using mortar. In the case of deep wet boreholes drilled in a
soft crust, it is easier to install a strainmeter than to attach a
strain gauge because strainmeters have only to be inserted
along the borehole. Therefore, a strainmeter is convenient
for conducting stress measurements at deep wet boreholes.
However, it is more difﬁcult to determine principal stresses
using the stress relief technique with strainmeters than it is
with strain gages as we cannot neglect the rigidities of the
mortar and the metallic shell of the strainmeter (Sano et al.,
2004).
In this study, we investigated the method for calculating
principal stresses using strain changes obtained by the stress
relief technique using a multi-component borehole instru-
ment developed by Ishii et al. (2002). This instrument has
displacement sensors in a thin stainless steel shell. In this
measurement, the instrument is installed in a borehole ﬁlled
with mortar. The mortar hardens and attaches the instru-
ment to the surrounding crust. Due to the existence of mor-
tar and stainless steel, the calculation of principal stresses
in this measurement poses certain difﬁculties, as mentioned
by Sano et al. (2004). The stress relieved by overcoring de-
forms the mortar and stainless steel as well as the rock in
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Fig. 1. Procedure for stress measurement in the stress relief technique
using a multi-component borehole instrument.
Fig. 2. Two-dimensional model of the core. (a) Cross section of the core.
Radius r4 is the outer radius of the core. rk , Ek , and νk are the inner
radius, Young’s modulus, and Poisson’s ratio of the k-th layer, respec-
tively. (b) Radial stress σr and shear stress τrθ are the stresses relieved
due to overcoring, which are equivalent to the surrounding stress pat-
terns around the borehole without mortar and the instrument. σ1 and σ2
are the maximum and minimum principal stresses, respectively. Angle
ς is the orientation angle of σ1.
the core. Therefore, it is necessary to consider the inﬂuence
of mortar and stainless steel on the deformation of the core.
The core can be approximated to a concentric cylindrical
structure comprising three layers of stainless steel, mortar,
and rock. Thus, we ﬁrst investigated a two-dimensional
analytical solution for a plane perpendicular to the bore-
hole. Following this, we developed a calculation method of
principal stresses on a plane using a core model with three
layers—rock, mortar, and stainless steel. This method is
valid for the following assumptions: (1) one of the princi-
pal stresses is perpendicular to the borehole; (2) the strain
changes on the plane are independent of those perpendicu-
lar to it. We applied this method to the stress measurement
performed at the Hishikari mine, southwest Japan.
2. Two-Dimensional Calculation Method of Prin-
cipal Stresses
Figure 1 outlines the procedure for stress measurement
in the stress relief technique using a multi-component bore-
hole instrument. First, two boreholes—A and B—with a
common central axis are drilled. Second, the instrument is
installed in borehole B after it is ﬁlled with mortar. The
mortar hardens over a period of several days and expands
Fig. 3. Strain changes due to overcoring in the uniaxial stress ﬁeld
(σ1 = 1 MPa, σ2 = 0 MPa, ς = 0◦). The axis of abscissas is the
ratio of the radius of the core to that of the borehole (r4/r3). The strain
changes were calculated from Eq. (A.27) using the values of the model
parameters listed in Table 1.
Table 1. Model parameters for the calculation of principal stresses at the
Hishikari mine. rk , Ek , and νk are the inner radius, Young’s modulus,
and Poisson’s ratio of the k-th layer, respectively.
rk [mm] Ek [GPa] νk
1st layer 16 200 0.3
2nd layer 21 20 0.2
3rd layer 30 50 0.2
Fig. 4. Invalid radius ratio r4/r3, which makes stress measurement im-
possible. The ratio was calculated using the two-dimensional model of
the core with r1 = 16 mm, r2 = 21 mm, E1 = 200 GPa, and ν1 = 0.3.
The Young’s modulus of mortar (E2) is 20 GPa (solid line) or 100 GPa
(dotted line). Other model parameters are one of the following four sets:
circle: ν2 = ν3 = 0.2, r3 = 31 mm; triangle: ν2 = ν3 = 0.2, r3 = 41
mm; square: ν2 = ν3 = 0.4, r3 = 31 mm; and cross: ν2 = ν3 = 0.4,
r3 = 41 mm. The axis of abscissas is the Young’s modulus of the rock
(E3).
by about 0.05%. Since the instrument has a battery and a
memory module, it can measure strain changes for a few
weeks without any external connections. Third, the over-
coring is carried out and the core is cut off. The stress re-
lieved due to overcoring causes strain changes in the core.
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Fig. 5. Arrangements of the borehole and the multi-component borehole instrument at the Hishikari mine. (a) Location of the Hishikari mine. (b)
Location of the borehole. The solid lines represent the tunnels at the depth of 220 m. A nearly horizontal borehole was drilled at this depth. The
dashed lines represent the tunnels at depths of 160, 190, 250, and 280 m. (c) Arrangements of the instrument. The strainmeter modules are denoted
as #1, #2, and #3. Module #1 can observe the strain changes in a direction perpendicular to the borehole. ST1, ST2, and ST3 denote strainmeters
installed in module #1. Module #2 can observe the strain changes in a direction that is inclined to the borehole at 60◦. Module #3 can observe the
strain change along the borehole.
Subsequently, the principal stresses can be determined from
the strain changes due to overcoring.
Figure 2(a) shows a cross section of the core. The core
consists of three layers. The ﬁrst, second, and third lay-
ers comprise stainless steel, mortar, and rock, respectively.
The ﬁrst layer is the outer shell of the instrument. If the
expanding pressure of the mortar is ignored, the relieved
stress is equivalent to the surrounding stress patterns around
the borehole without the instrument and mortar (Fig. 2(b)).
The radial stress σr and shear stress τrθ relieved in the di-
rection θ are expressed by the following equations (Ugural
and Fenster, 2003):
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where σ1 and σ2 are the maximum and minimum princi-
pal stresses, respectively. Angle ς is the orientation angle
of the maximum principal stress. Radii r3 and r4 are the
inner radius of the third layer and the radius of the core,
respectively. Angles ς and θ are measured anticlockwise
from the reference axis x, as shown in Fig. 2. Overcoring
causes stress changes −σr and −τrθ on the outer surface of
the core. These stress changes cause strain changes in the
stainless steel and mortar as well as in the rock. The resid-
uals of this stress remain in the core after overcoring; this
is because stainless steel and mortar have no strain before
overcoring and possess inﬁnite nonzero rigidities.
In the case of a uniaxial stress ﬁeld (σ1 = σ0, σ2 = 0,
ς = 0◦), the radial strain change due to overcoring is given
by Eq. (A.27). Figure 3 shows the strain changes due to
overcoring as a function of r4/r3. The strain changes in
Fig. 3 were calculated using the values of the model pa-
rameters listed in Table 1 for σ1 = 1 MPa, σ2 = 0 MPa,
and ς = 0◦. When r4/r3 is approximately 1.6, the strain
changes due to overcoring are independent of the orien-
tation. This implies that the principal stresses cannot be
determined uniquely for r4/r3 ∼= 1.6. The invalid radius
ratio r4/r3, which makes the stress measurement impos-
sible, depends on model parameters, such as the inner ra-
dius, Young’s modulus, and Poisson’s ratio of each layer.
Figure 4 shows the invalid radius ratio as a function of
the Young’s modulus of the rock. The invalid radius ra-
tio was calculated to be 1.4–2.0 for r1 = 16 mm, r2 = 21
mm, E1 = 200 GPa, ν1 = 0.3, E2 = 20 or 100 GPa,
ν2 = ν3 = 0.2 or 0.4, and r3 = 31 or 41 mm.
In the case of a general stress ﬁeld, the radial strain
changes due to overcoring are given by
ε (θ) = Q1α + Q2β cos 2θ + Q3β sin 2θ (3)
where Q1 ≡ σ1 + σ2, Q2 ≡ (σ1 − σ2) cos 2ς , and Q3 ≡
(σ1 − σ2) sin 2ς . Coefﬁcients α and β are deﬁned by Eqs.
(A.28) and (A.29), respectively.
The principal stresses can be calculated by applying
the least squares method to the measured strain changes
ε(θ1), ε(θ2), . . . , ε(θN ).
σ1 = (Q1 + Q2/cos 2ς)/2 (4)
σ2 = (Q1 − Q2/cos 2ς)/2 (5)
ς = tan−1 (Q3/Q2)/2 (6)
where
[ Q1 Q2 Q3 ]
T = (MT M)−1 MT
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Fig. 6. Strain and temperature changes observed for 5 h on March 26,
2004. The drilling of rock adjacent to the thermometer was completed
by 10:10 (A). The drilling of the rock adjacent to the strainmeters was
started at 11:15 (B). Noon recess was from 11:50 (C) to 13:30 (D).
Fig. 7. Comparison between the strain changes and temperature change.
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3. Stress Measurement at the Hishikari Mine
The Hishikari mine is located in Kyushu in southwest
Japan (Fig. 5). Gold prospecting at this site began in 1983,
and horizontal tunnels have been drilled at depths of 160,
190, 220, 250, and 280 m. The stress measurement was
conducted in the tunnel at the depth of 220 m on March
26, 2004. The surrounding crust is primarily composed of
andesite. The temperature in the crust is about 60◦C.
As shown in Fig. 5, a 21-m-long borehole was drilled for
the stress measurement. This borehole was inclined to the
horizontal plane at 5◦ and was 131 mm in diameter between
0 and 18.7 m from inside the tunnel and 60 mm between
18.7 and 21 m. A multi-component borehole instrument
was installed in the borehole (diameter: 60 mm). A core
with a diameter of 102 mm was obtained by overcoring.
The multi-component borehole instrument can observe
strain changes in six directions as well as temperature
change. Figure 5 shows the measurement directions of three
strainmeters—ST1, ST2, and ST3—which are perpendicu-
lar to the borehole. Two other strainmeters were inclined
Fig. 8. Strain changes after eliminating the effect of the temperature
change.
to the borehole at 60◦. The sixth strainmeter observed the
strain changes along the borehole. In this study, we deter-
mined the principal stresses on a plane perpendicular to the
borehole by using strain changes acquired from ST1, ST2,
and ST3. The strike of the nearly vertical plane is in the
northeast- southwest direction.
Figure 6 shows the strain and temperature changes ob-
served at intervals of every 1 min for 5 h before and after
the overcoring. The recorded resolutions of the strain and
temperature changes were about 3×10−12 and 1×10−3◦C,
respectively.
4. Analysis
At approximately 10:10 on March 26, 2004, the rock
adjacent to the thermometer of the instrument was drilled
during the overcoring at the Hishikari mine. Water was
injected into the borehole during the overcoring to reduce
frictional heat. The temperature of the water was about
40◦C, while the temperature of the crust was about 60◦C.
The injected water reduced the temperature of the core by
8◦C (Fig. 6). Rapid strain changes occurred immediately
after 11:15, when the rock adjacent to the strainmeters was
drilled. Strain compressions resulted from the rapid cooling
that occurred following the injection of the water.
Overcoring was temporarily suspended during the noon
recess from 11:50 to 13:30, during which time the core
was allowed to remain in the crust. As shown in Fig. 6,
strain extension and an increase in temperature were ob-
served during the recess as a result of the warming and sub-
sequent expansion of the core due to the heat of the crust.
Figure 7 shows the comparison between the strain changes
and temperature change during the latter half of the recess.
The strain changes at ST1, ST2, and ST3 were proportional
to the temperature change with proportionality factors of
13.5× 10−5, 6.9× 10−5, and 5.8× 10−5 K−1, respectively.
These factors were of the same order as that of the linear ex-
pansion coefﬁcients of andesite, mortar, and stainless steel
(10−5 K−1).
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Fig. 9. Determined principal stresses. Positive stress indicates compres-
sion. The “up” direction is inclined to the vertical at 5◦.
Figure 8 shows the strain changes obtained after eliminat-
ing the effect of the temperature change. Strain changes at
ST1, ST2, and ST3 due to overcoring indicated extensions
of 2.7 × 10−5, 2.2 × 10−5 and 8.0 × 10−5, respectively.
Principal stresses were estimated by applying the calcula-
tion method described in Section 2 to the strain changes due
to overcoring. Table 1 lists the values of the model param-
eters used for the calculation. The Young’s modulus and
Poisson’s ratio of the rock listed in Table 1 are the averaged
elastic constants of andesite (Lama and Vutukuri, 1978).
Figure 9 shows the determined principal stresses. The max-
imum and minimum principal stresses were 5.0 ± 0.1 MPa
and −0.2 ± 0.1 MPa, respectively. The dip angle of the
maximum principal stress was 35 ± 1◦.
5. Discussion
When the stress measurement is carried out by the stress
relief technique using a multi-component borehole instru-
ment, the core obtained by overcoring has three layers -
rock, mortar, and stainless steel. Wemust consider the inﬂu-
ences of the mortar and stainless steel on the strain changes
due to the relieved stress in order to determine the principal
stresses. If the core has only a rock layer, or if the Young’s
moduli of the mortar and stainless steel are negligibly small,
the strain changes due to overcoring are independent of the
core radius. However, the practical strain changes due to
overcoring depend on the core radius because the relieved
stress deforms the mortar and stainless steel, which have
inﬁnite nonzero rigidities, as well as the rock.
When the strain changes due to overcoring are calculated
for the values of the model parameters listed in Table 1,
it is observed that they are independent of the orientation
when the ratio of the radius of the core to that of the bore-
hole (r4/r3) is about 1.6 (Fig. 3). In this case, we cannot
determine the principal stresses uniquely. The radius ra-
tio r4/r3 was 1.7 for the overcoring at the Hishikari mine;
consequently, we were thus able to determine the principal
stresses. The invalid radius ratio r4/r3, which makes the
stress measurement impossible, was calculated to be 1.4–
2.0 for r1 = 16 mm, r2 = 21 mm, E1 = 200 GPa, ν1 = 0.3,
E2 = 20 or 100 GPa, ν2 = ν3 = 0.2 or 0.4, and r3 = 31
or 41 mm (Fig. 4). This result suggests that with respect to
the overcoring, it is desirable that the radius of the core be
larger than that of the borehole by a few orders of magni-
tude.
The stress measurement at the Hishikari mine was per-
formed at the depth of 220 m. If the density of the crust
is 2.5 g/cm3, then the vertical stress is predicted to be ap-
proximately 5.6 MPa. We determined that at the Hishakari
mine, the principal stresses on the plane were inclined to
the vertical at 5◦. By using the principal stresses shown
in Fig. 9, the nearly vertical stress was estimated to be 1.5
MPa; this was merely 30% of the predicted vertical stress.
In this study, we used the two-dimensional analytical solu-
tion for a plane perpendicular to the borehole. This solution
is valid for the following assumptions: (1) one of the prin-
cipal stresses is proportional to the borehole; (2) the strain
changes on the plane are independent of those perpendicu-
lar to it. However, these assumptions are not adequate for
the general crust. If an isotropic homogeneous crust with a
Poisson’s ratio of 0.2 is subjected to uniform stresses, the
principal stress on a plane estimated under these assump-
tions would have an error of 25%. We propose that the small
vertical stress obtained in this study is due to the limitation
of the two-dimensional model. In future studies, we should
investigate a three-dimensional solution for the stress relief
technique for a more precise analysis.
6. Conclusions
We developed a two-dimensional calculation method of
principal stresses on a plane by measuring strain changes
obtained by the stress relief technique using a multi-
component borehole instrument. The cross section of a
core obtained by overcoring can be approximated to be a
two-dimensional model comprising three layers—stainless
steel, mortar, and rock. Strain residuals remain in the core
after overcoring because the relieved stress deforms the
stainless and mortar as well as the rock of the core. If the
ratio of the radius of the core to that of the borehole is 1.4–
2.0, uniform strain change occurs by overcoring carried out
in any stress ﬁeld. Thus, it is desirable that the radius of
the core is larger than that of the borehole by a few orders
of magnitude. We applied the proposed calculation method
to the stress measurement performed at the Hishikari mine,
southwest Japan. Principal stresses were calculated on a
plane that was inclined to the vertical at 5◦. The maxi-
mum and minimum principal stresses were determined to
be 5.0 MPa and −0.2 MPa, respectively. The nearly verti-
cal stress was estimated to be 1.5 MPa and was merely 30%
of the predicted vertical stress (5.6 MPa). The proposed
two-dimensional calculation method is valid for the follow-
ing assumptions: (1) one of the principal stresses is propor-
tional to the borehole; (2) the strain changes on the plane
are independent of those perpendicular to it. In the case
of an isotropic homogeneous crust with a Poisson’s ratio of
0.2 under a uniform stress ﬁeld, any neglect of the effect
of the perpendicular stress reduces the estimated stress on
a plane by 25%. One of causes of the small vertical stress
obtained in this study is considered to be the limitation of
the two-dimensional calculation method.
138 A. MUKAI et al.: IN SITU STRESS MEASUREMENT BY THE STRESS RELIEF TECHNIQUE
Appendix. Strain changes due to overcoring under
uniaxial compression
As shown in Fig. 2, a core obtained by overcoring can
be approximated to a concentric cylindrical structure com-
prising three layers—stainless steel, mortar, and rock. We
ﬁrst consider the plane strain problem for a homogeneous
isotropic elastic annulus and obtain an analytical solution
for the deformation of one annulus layer subjected to inter-
nal and external stresses. Second, we obtain an analytical
solution for the deformation of three concentric annulus lay-
ers that are subjected to the stress relieved as a result of the
overcoring.
(a) Deformation of an annulus subjected to internal
and external stresses
An annulus with an inner radius a and b outer radius
is subjected to the following radial (σr ) and shear (τrθ )
stresses:
σr = q11 + q12 cos 2θ at r = a (A.1)
τrθ = q13 sin 2θ at r = a (A.2)
σr = q21 + q22 cos 2θ at r = b (A.3)
τrθ = q23 sin 2θ at r = b (A.4)
where r and θ are the radial distance and angle, respectively.
A part of the two-dimensional problems in elastic de-
formations can be analytically solved using Airy’s stress
function and boundary conditions on stress (e.g. Nakahara,
1977). The stresses (A.1)–(A.4) cause the following radial
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E , ν, and δi j indicate the Young’s modulus, Poisson’s ratio
and Kronecker’s delta, respectively.
(b) Deformation of the three annulus layers subjected
to the stress relieved due to overcoring
We investigate the deformation of the core with three an-
nulus layers shown in Fig. 2 by using Eqs. (A.5)–(A.10)
for the abovementioned deformation of an annulus. If the
overcoring is carried out in the stress ﬁeld of uniaxial com-
pression σ0 in the direction θ = 0, then the radial and shear
stresses relieved on the outside of the core are
σr = σ0 (p31 + p32 cos 2θ) (A.11)
τrθ = σ0 p33 sin 2θ (A.12)
where















where r3 and r4 are the radii of the borehole and the core,
respectively.
The overcoring causes the following stress changes on
the boundaries:
σr = σ0 (p11 + p12 cos 2θ) at r = r2 (A.16)
τrθ = σ0 p13 sin 2θ at r = r2 (A.17)
σr = σ0 (p21 + p22 cos 2θ) at r = r3 (A.18)
τrθ = σ0 p23 sin 2θ at r = r3. (A.19)
The inner surface of the stainless layer is a free surface and
the stress changes at r = r1 are zero.
The continuity of displacement on the boundary yields
the following six equations that are derived from Eqs. (A.5)
and (A.6):
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Ckj (r3, E3, ν3, r3, r4) p(k+1) j . (A.25)
We can solve p11, p12, and p13 using Eqs. (A.20)–(A.25)
since p31, p32, and p33 are known.
p1 j = f j (p31, p32, p33) ( j = 1, 2, 3). (A.26)
Finally, the radial displacement on the inner surface of the





= σ0 (α + β cos 2θ) (A.27)
where
α ≡ A2 (r1, E1, ν1, r1, r2) f1 (A.28)
β ≡ B22 (r1, E1, ν1, r1, r2) f2
+ B23 (r1, E1, ν1, r1, r2) f3. (A.29)
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